Innate immune systems in many taxa exhibit hallmarks of memory in response to previous microbial exposure. A new study demonstrates that innate immune memory in Drosophila embryonic macrophages can also be induced by the successful engulfment of apoptotic cells, highlighting the importance of early exposure events for developing responsive immune systems.
The observation that immune systems have memory has been around for centuries; for example, B-and T-cellmediated adaptive immune memory provides us with robust protection against pathogens that we've encountered previously. We've made practical use of that sort of immune memory in vaccination since the time of Jenner. Although we've known about this type of immune memory for a long time, somehow we are still surprised when other aspects of the immune response show memory. Perhaps the problem is that, as we've uncovered the molecular mechanisms governing this response, we've equated these particular memory mechanisms with the system property of memory, yet the two are not equal. Clearly there are many sorts of memory mechanisms: we can remember things in our brains and our foam pillows can remember the shapes of our heads, yet neither of these involve recombination of genes to produce functional antibodies as in adaptive immune memory. To discuss the potentially diverse types of immune memory, we need to define what we mean by 'memory'. At its most basic, the reactions of a system with memory are influenced by past experiences. Systems that have memory exhibit the property of hysteresis, where the past and current state of the system must be known in order to predict future states ( Figure 1A ). In a new study published recently in Cell, Weavers et al. [1] have shown that macrophages of Drosophila embryos can engulf microbes only if the macrophages have previously participated in the important developmental role of engulfing dead cells that the embryo no longer needs. Thus, these macrophages exhibit the property of memory. Although previous work has reported that invertebrate immune cells show memory of interactions with microbes [2, 3] , this new study provides the first demonstration that these cells can remember interactions with self and that this in turn affects interactions with non-self.
Memory in innate immune systems appears to be a general phenomenon spanning many taxa. A wide variety of insects, from bees to beetles to moths [4] , are able to mount a more protective immune response against microbes that they've previously encountered. Mouse macrophages, firmly part of the innate immune system, undergo a shift in metabolic physiology after exposure to components of microbes [5] that allows for increased and longer-lasting resistance to infection. It makes sense that memory would be a general property of immune systems; after all, parasites constantly come and go in host populations, rising in epidemics and disappearing after everyone has suffered infection. Maintaining levels of immunity that could ward off all potential parasites, whatever their actual abundances, would be prohibitively costly in terms of energy and induction of autoimmunity [6] . However, if organisms could adjust their investment in immunity based on the threats present in their current environment by generating a memory response, they might be able to make a wiser investment. It's worth noting that 'wiser' does not always involve improving the targeted killing of parasites: while most studies of innate immune memory focus on the concept of remembering parasites to improve subsequent resistance, there could also be a type of memory that results in improved tolerance of infection [7] . In support of this, exposure of mouse macrophages to fungal components activates them for future resistance roles, but a subsequent exposure of these cells to lipopolysaccharide (a component of the outer membrane of Gram-negative bacteria) puts the brakes on them [5, 8] , presumably to prevent the induction of massive and damaging inflammation. The concept of tolerance memory is a salient target for future investigation.
All of these phenomena fit the systemlevel definition of memory and exhibit hysteresis, but will immunologists consider a behavior to be memory if the shift in phenotype is only observed in the short term, as in the new study from Weavers et al. [1] ? Hysteresis, induced by system memory, will have a characteristic shape regardless of whether the return to baseline is fast or slow ( Figure 1A ) and can even be mapped to axes of elicitor concentration and response magnitude, removing time from the plane altogether.
Of course, time is the key parameter describing the persistence of memories and persistence is likely dependent on the mechanism used to build these memories. Transgenerational memories might require genomic changes, as seen in CRISPR-mediated immunity to phage in bacteria [9] . Moderate-term memories could be generated by changing the number of cells available to produce a response or by epigenetic modification of the programming of existing cells [8, 10] . Short-term memories could be generated by ephemeral changes in the concentrations or molecular modifications of signaling components, as observed by Weavers et al. [1] in Drosophila embryonic macrophages.
If we are not primarily interested in the persistence of memory, we should ignore time and instead measure changes in the shape of immunity as it changes with experience. We could do that as follows; imagine a response curve with a sigmoid shape ( Figure 1B) , where small amounts of an elicitor -say, microbe concentration -produce little response, while a large number of microbes produce the highest magnitude of response possible. If the system is capable of memory, we expect to see up to four characteristic shifts in this relationship: the minimum response could be increased; the system could have altered sensitivity to the presence of the elicitor, resulting in either a change in the slope or a change in the half-maximal level of the relationship; or the system might increase the maximal level of expression, allowing an organism to reach a response capacity that it could not achieve before memory was induced. Few studies of innate immune memory (or any immunological phenomenon) have defined the shape of the relationships between elicitor levels and response levels. In Weavers et al. [1] , we do get a glimpse of this relationship, although it is mostly binary rather than continuous. In the absence of corpse engulfment, infection with Escherichia coli cannot stimulate macrophage-mediated phagocytosis, so all four parameters are equivalent to zero. Upon induction of the memory response, the relationship between microbe and response becomes positive, although on the basis of the current data it is not yet known whether this function is stepwise or more gradual [1] . What is clear is that the concentration of the memory-inducing event (i.e. corpse engulfment) does not affect the gross stepwise relationship because embryonic macrophages are capable of engulfing bacteria whether they have previously engulfed one corpse or four.
The induction of a memory state in embryonic macrophages through the execution of a crucial developmental task raises the question of whether there is ever a subpopulation of macrophages that truly possess no memory. In the wildtype flies studied by Weavers et al. [1] , all embryonic macrophages engulf at least one apoptotic cell by stage 13, and most have engulfed two or more by stage 14. Rather, the distribution of macrophages that have engulfed a corpse is shifted right (or zero-truncated) compared to what we might expect from a Poisson distribution. Is this because the rate of dead-cell clean-up is not limiting to proper development, or because it is otherwise costly to have unactivated macrophages hanging around? Moreover, embryonic macrophages are not the only immune cells that a fly will produce in the course of its lifetime: before a fly enters metamorphosis, it develops a hematopoietic organ that is capable of generating huge populations of immune cells and maintains this ability through adulthood [11] . These cells do not immediately begin engulfing corpses (at least as far as we know), but they can still differentiate into defensive roles. The immune cells will, however, take control of remodeling the organism during metamorphosis, including engulfment of [13] and patterns of disease susceptibility in individuals. These questions could be united under the banner of hysteresis within a multidimensional manifold of all organismal life history traits. We suggest that phenotypic plasticity [14] be considered a form of memory; plasticity manifests as a shift in phenotype in response to environmental stimuli, allowing an organism to adjust to the particular difficulties of its present situation. This approach would bring into immunological research the rich conceptual frameworks that have been developed by ecologists to explore phenotypic plasticity, and would give paradigm-shifting teeth to recent studies that have reported innate immune memory in taxa as diverse as beetles, flies, and mice.
A Carboniferous root apex reiterates the importance of the fossil record and classic developmental plant anatomy for modern evo-devo perspectives on plant diversity and evolution.
We humans have determinate growth: we stop growing at maturity. In contrast, plants have indeterminate growth that can reach tremendous sizes and durations ( Figure 1 ). This is possible because of meristems maintained throughout a plant's lifespan, where continued cell division increases length and girth. When plant cells divide, daughter cells remain in place, stuck to each other and neighboring cells by their cell walls. Consequently, cell positioning in a meristem records the sequence of past cell divisions (Figure 1) . In meristems located at root tips -root apical meristems -such cell division patterns differentiate major lineages and can be used to identify the type of plant that produced a root. A new study by Hetherington et al. [1] in this issue of Current Biology now reports the oldest fossil of an actively growing root meristem from Carboniferous rocks (ca. 320 million years old) and uses cell patterning to identify it as a gymnospermous root (Figure 2 ) with unique organization.
Plant roots have a sparse fossil record [2] [3] [4] and anatomically preserved meristems, with their delicate dividing cells, are rare [1] . Nevertheless,
